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1.  INTRODUCTION 


This  study  was  done  to  improve  the  reliability  of  solid  rocket  motors  by 
testing  infrared  video  imaging  for  detecting  adhesive  bonding  flaws.  The 
flaws,  buried  beneath  0.3  in.  of  steel  and  0.2  in.  of  rubber  in  these  motors, 
have  been  difficult  to  detect  by  conventional  pulse-echo  ultrasonic  tech¬ 
niques.  Ultrasonic  inspection  has  been  ineffective  because  of  the  large 
acoustical  impedance  mismatch  at  the  steel-rubber  interface.  To  detect  buried 
flaws  in  spite  of  the  impedance  mismatch,  infrared  video  imaging  was 
invest igated . 


II.  EXPERIMENTAL  TESTING 
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To  test  the  sensitivity  of  infrared  video  imaging,  three  test  specimens 
were  fabricated.  Each  specimen  was  made  of  0.32  in.  of  IJ3^0  steel  bonded  to 
0.2  in.  of  silica-filled  nitrile  butyl  rubber  (NBR)  insulation  that  was  bonded 
to  3.0  in.  of  simulated  propellant  (Fig.  1).  To  simulate  an  adhesive  bonding 
flaw,  or  a  debond,  a  0.10  in.  deep  square  area  was  removed  from  the  middle  of 
the  propellant  before  it  was  bonded  to  the  NBR.  Three  debond  sizes  were 
tested,  which  were  square  areas  with  sides  2.5,  3.0,  and  3.5  in.  long.  The 
exposed  steel  was  painted  with  a  white  vinyl  paint  to  simulate  the  solid 
rocket  motor.  The  paint  changed  the  emittance  of  the  steel  to  0.95  at  the 
wavelength  used  by  the  infrared  video  imaging  system. 

An  Inframetrics  model  600  infrared  camera  was  used  for  this  study.  The 
system  comprises  a  detector  and  its  electronics,  a  monitor,  and  a  video 
cassette  recorder  (VCR).  The  HgCdTe  liquid  nitrogen  cooled  detector  has  a 
spectral  sensitivity  of  8  to  12  urn  radiation.  Without  averaging,  the  system 
can  detect  temperature  differences  as  small  as  0.36^^.  The  monitor  was  used 
for  real  time  viewing  of  the  specimen.  Ali  data  from  the  detector  were 
recorded  on  tape  with  the  VCR. 

The  specimens  were  positioned  vertically,  7  ft  from  the  camera,  with  the 
steel  facing  the  camera  (Fig.  2).  There  were  no  external  heat  sources  that 
could  reflect  radiation  off  the  specimen  and  cause  a  false  reading.  A  2  min 
pretest  was  taken  of  each  specimen  to  ensure  thermal  stability. 


Two  techniques  were  used  to  apply  heat  to  the  specimen:  the  "water  wand" 
technique  and  the  water  bed  technique.  The  first  technique  used  a  water  wand, 
which  was  a  loop  of  copper  tubing  containing  a  row  of  holes  (Fig.  3).  The 
wand  was  attached  to  a  garden  hose.  The  test  temperature  was  determined  by 
the  temperature  of  the  water  leaving  the  hose.  Water  was  sprayed  through  the 
wand  onto  the  surface  of  the  steel  for  1  min.  Excess  water  was  then  blotted 
from  the  surface  of  the  steel,  and  the  subsequent  cooling  pattern  was  recorded 
for  10  min.  Three  different  temperatures  were  tested:  75.0-80.0,  95-0-100.0, 
and  110.0- 150. 0'^F. 
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The  second  technique  used  a  water  bed  filled  with  hot  water.  The  test 
temperature  was  monitored  by  a  thermocouple  placed  on  the  surface  of  the 
bed.  The  specimen  was  placed  steel-side  down  onto  the  bed  for  1  min.  The 
water  bed  was  agitated  during  testing  to  ensure  even  heating.  After  heating, 
the  specimen  was  returned  to  the  vertical  position,  and  the  cooling  pattern  on 
the  steel  was  recorded  for  10  min.  Three  different  temperatures  were 
tested;  110.0-115.0,  124.0-129-0,  and  139.0-144 .0°F. 

Data  were  obtained  at  a  standard  television  rate  of  60  fields/sec.  The 
system's  electronics  was  set  to  average  16  fields  together,  using  an 
exponential  averaging  algorithm..  Averaging  the  fields  reduced  the  random 
noise  content  of  the  thermal  image  by  a  factor  of  4.  Best  results  were 
obtained  with  the  camera's  sensitivity  range  set  at  9.0°F.  The  data  on  the 
tape  were  then  fed  into  an  IBM  AT  computer  equipped  with  the  Thermagram. 
thermal  image  processing  system  from  Thermoteknix  Systems,  Ltd.  The  data  were 
averaged  again  during  imiage  processing.  Sixteen  fields  acquireo  at  a  rate  of 
1  field/sec  were  averaged  together  to  obtain  one  picture. 
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III.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 


Test  results  using  the  water  wand  and  water  bea  techniques  are  showt. 

Figs.  and  5.  Each  shade  of  gray  represents  an  0.6‘'F  temperature  rar;ge. 
During  cooling,  the  surface  above  a  debonded  area  appears  warmer  than  its 
surroundings.  This  occurred  because  the  air  gap  of  tne  debond  restricted  tr.e 
flow  of  heat  through  the  surface  above  the  debonded  area.  The  temperature 
difference  between  the  debonded  area  and  its  surroundings  maximized  after  a 
period  called  the  development  time.  Typically,  the  debond  image  develops 
after  3  to  5  min  when  the  water  wand  was  used  and  after  5  to  6  min  when  the 
water  bed  was  used.  The  longer  development  time  for  the  water  bed  was 
probably  the  result  of  poor  heat  transfer  from  the  rubber  water  bed  to  the 
spec imen . 

The  success  of  the  water  wand  or  water  bed  was  dependent  on  the 
uniformity  of  the  the  applied  heat.  If  one  area  of  the  specimen  received  more 
heat  input  than  its  surroundings,  it  would  appear  hotter  and  could  be  mistaken 
for  a  debond.  For  example.  Fig.  5  indicates  that  the  area  just  to  the  left  of 
the  debonded  area  D  :  3.5  in.,  T  =  130°F  was  warmer  than  its  surroundings. 
However,  close  observation  of  the  specimen's  cooling  pattern  revealed  whether 
the  suspected  area  was  a  debond  or  a  hot  spot.  Figure  6  indicates  how  hot 
spots  start  out  hotter  and  cool  off  more  quickly  than  debonds.  With  this 
knowledge,  it  was  determined  that  the  area  shown  in  Fig.  5  was  a  hot  spot 
caused  by  uneven  heating  and  was  not  a  debond. 

The  larger  the  difference  between  the  specimen’s  initial  temperature  and 
the  applied  water  temperature,  the  more  difficult  it  was  to  heat  the  specimen 
evenly.  Therefore,  debonds  were  more  easily  detected  at  the  Jowe;  test 
temperatures . 
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Results  Using  Water  Bed.  Each  shade  of  gray  represerits  0.c“F. 
is  drawn  to  outline  the  debond  area.  Note  the  nonuniform 
distribution  of  heat. 
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Cooling  Pattern  of  Three  Areas.  Note  how  the  hot  spot  starts  out 
hottest,  then  dips  off  to  the  background  temperature.  The  debond 
cools  off  much  slower  and  remains  hotter  longer. 


IV.  COMPUTER  MODELING 


A  finite  element  model  of  the  specimens  was  prepared  using  ANSYS 
versions  4.2  and  4.3.  The  model  had  the  same  geometric  and  physical 
properties  as  the  specimens,  except  that  it  had  cylindrical  symmetry  (see  Fig. 
7).  The  boundary  conditions  for  the  model  included  a  uniform  initial  ambient 
temperature.  The  metal  face  was  forced  to  remain  at  40°F  above  ambient 
temperature  for  1  min.  After  heating,  the  model  was  permitted  to  cool  by 
convection.  The  model  of  the  specimen  exhibited  cooling  patterns  similar  to 
those  found  during  the  experimental  testing. 

The  model  was  then  used  to  study  the  effect  of  material  property 
changes.  Figure  8  illustrates  the  relationship  between  the  apparent  debond 
radius  and  time.  The  apparent  debond  radius  was  defined  as  the  distance  from 
the  center  of  the  hot  spot  out  to  an  area  0.6®F  lower  in  temperature.  The 
temperature  difference  was  selected  because  0.6®F  was  the  difference  required 
by  the  thermal  imaging  system  to  give  a  separate  color  band.  In  Fig.  8,  the 
first  three  curves  illustrate  the  effects  of  increasing  the  conductivity  of 
the  metal  surface.  The  fourth  curve  illustrates  the  effect  of  replacing  the 
metal  with  insulation. 

The  results  indicate  that  as  the  conductivity  increases,  the  development 
time  also  increases,  and  the  apparent  bedond  size  decreases.  When  insulation 
is  used,  the  development  time  increases  dramatically.  This  increase  was  the 
result  of  the  additional  time  required  for  the  surface  energy  to  diffuse  into 
the  interior  of  the  material,  interact  with  the  debond,  and  return  to  the 
surface. 

When  the  material  properties  were  changed  to  represent  alumjinum,  the 
radial  conductivity  effectively  shorted  out  the  effects  of  the  debond  and  did 
not  permit  a  surface  temperature  difference  of  C.b^F  (Fig.  9). 
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Apparent  Debona  Size  vs  Time.  Note  that  a  aeoona  is  or.iy  visible  if 
it  is  0.6°F  warmer  than  the  surrounding  area. 


V.  CONCLUSIONS 


Thermographic  techniques  can  reliably  detect  debonds  well  below  the 
surface  of  materials.  The  largest  source  of  error  is  the  result  of  uneven 
heating,  which  can  be  accounted  for  by  careful  analysis  of  the  data.  Finite 
element  analysis  of  the  structure  adequately  modeled  the  thermal  experiments 
and  has  shown  that  debonds  can  be  detected  underneath  a  wide  range  of 
materials.  (Only  materials  with  a  thermal  diffusivity  near  that  of  aluminum 
can  effecively  short  out  the  effect  of  the  debond.) 


